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THE DEVELOPMENT OF A NOVEL THROWING ASSESSMENT FOR CHILDREN WITH
CEREBRAL PALSY

by
CORY F. CRIBB
(Under the Direction of Gavin Colquitt)

ABSTRACT
Introduction: Cerebral palsy is one of childhood's most common developmental disabilities.
Cerebral palsy leads to dysfunction in the upper extremities due to symptoms such as low muscle
power, spasticity, and increased tone. A modified throwing assessment was constructed to
examine throwing performance as a measure of upper extremity function. Purpose: To determine
if the modified throwing assessment is a reliable measure of throwing performance and if the
modified throwing assessment is a valid measure of upper extremity power in children with CP.
Methods: The study employed a test-retest design aimed at determining the reliability of a
modified throwing assessment. Seven participants participated in two separate testing sessions,
which occurred 7-10 days apart. Participants performed a maximal throwing test while seated in
a standard wheelchair. They were instructed to throw as far as possible. The participants also
performed an accuracy assessment where the participants threw at an eight-foot by eight-foot
target overlaid with gridlines. Finally, the participants completed pulldowns while seated in the
standard wheelchair to measure upper extremity power. Results: Intraclass correlation
coefficients indicated good to excellent correlations in all tested conditions except for relative
error in the X-axis and the peak power in the left arm. Standard errors of measurement showed
that all tests were within acceptable ranges. Pearson's correlations indicated good to excellent
correlations between the throwing battery and the maximal pulldowns. Conclusions: The
modified throwing assessment was deemed a reliable measure of throwing performance and a
valid measure of upper extremity power.

INDEX WORDS: Cerebral palsy, Upper extremity function, Power, Classification, and Novel
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CHAPTER 1
INTRODUCTION
Cerebral palsy (CP) is one of the most common developmental disabilities in childhood,
with a reported prevalence of 3.3 per 1,000 children in the United States (Pakula, 2009). Initially
reported by William John Little in 1861, then called cerebral paresis, CP has been a primary
focus among pediatric rehabilitation professionals and various definitions (Pakula, 2009). The
advent of technologies that allow for a better understanding of the physiology and pathology of
brain abnormalities, along with new terminology, has shaped the definition of CP throughout
history (Rosenbaum P, 2006). These new understandings have shifted the focus of CP definitions
from motor dysfunction to a multidimensional definition of neurodevelopmental disability
(Rosenbaum P, 2006). CP is a group of developmental disorders of movement and posture
caused by non-progressive lesions in the developing brain. The corresponding brain
malformations result in issues with sensation, perception, cognition, communication, behavior,
epilepsy, and secondary musculoskeletal problems of the diagnosis and classification of CP
(Warrell, 2003).
Classification and care for individuals with CP require understanding the
neuroanatomical and neurophysiological abnormalities associated with the disability (Kesar,
2012). Magnetic resonance imaging (MRI) scans can confirm the diagnosis of CP. These are
considered useful diagnostic tools to identify abnormalities and the location of injuries in the
brain (Krägeloh-Mann, 2007). The location and severity of injuries to the brain correspond with
symptoms associated with CP and functional limitations (Kesar, 2012). Other impairments
associated with CP affect the ability to perform functional tasks. Cognitive impairment presents
in more than half of individuals with CP (Pakula, 2009), leading to poor motor development

8

(Beckung, 2008). Visual impairments are also prevalent in people with CP, with a 70%
prevalence of low visual acuity. Individuals with CP who experience perceptual deficits exhibit
slower rates of visual imagery (Courbois, 2004). Visual impairments may also lead to impaired
function and increased difficulty in tasks that require visual perception and tracking.
The symptoms associated with CP can impair function; therefore, functional
classification systems categorize the movement capabilities of the individual. For example, the
Gross Motor Function Classification System (GMFCS) describes gross motor functions focusing
on self-initiated movements, such as sitting and walking (Jethwa, 2009). The GMFCS consists of
five levels, with lower levels corresponding to less severe mobility impairment (Jethwa, 2009).
Most children remain within their classification level from ages two to twelve (Carnahan, 2007),
with the levels of GMFCS changing in correspondence with motor skill developments in
children with CP (Rosenbaum P, 2002). In addition, the Manual Ability Classification System
(MACS) (Carnahan, 2007)classifies how children with CP use their hands when handling objects
in daily activities (Eliasson, 2006). It reports both hands' collaboration, not separately (Eliasson,
2006). Finally, the MACS defers from the GMFCS in that the system focuses more on the fine
motor movement of individuals with CP but has shown a high correlation with the GMFCS in
classifying children with CP (Eliasson, 2006).
Muscle power has been consistently severely compromised in individuals with CP
(Barrett, 2010). Individuals with CP can activate their muscles maximally less and use more
significant amounts of co-contraction of antagonistic muscles (Barrett, 2010). Studies have found
that muscle volume, cross-sectional area, thickness, and belly length tend to be reduced in
individuals with CP (Barrett, 2010). These findings are thought to have clinical significance due
to the theoretical relation to muscle force production and the potential contributions to muscle
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weakness and diminished function (Barrett, 2010). Muscle power and rate of force development
are often more impaired than strength and muscular endurance in children and adolescents with
CP (Moreau, 2012). While the lower extremities have been the main focus of the rehabilitation
of CP, increased power in the upper extremities will lead to improved function. One method of
power that can be assessed in the upper extremities is the power generated in performing a
pulldown motion with the upper extremities (Fukuda, 2014). Studies have found that testing the
upper extremities with a pulldown motion can be used to provide a connection to critical power
outputs (Fukuda, 2014). Using a pulldown motion requires a large ROM, which also simulates
the use of the upper extremities in other activities of daily living (ADL).
Upper extremity function is critical for ADL. Spasticity, contractures, and increased tone
can restrict the ROM of the upper extremities (Klotz, 2014). These restrictions can interfere with
an individual’s ability to perform ADLs, such as grasping objects, using wheelchairs or walkers,
and opening doors. Motion capture of uni- and bimanual tasks have shown movement
performance in daily skills compared to the MACS and correlated with higher classification
levels meaning more limitation in manual function (Klotz, 2014). Children with CP tend to have
more dysfunction in the upper extremities, namely in reaching, grasping, and object
manipulation, instead of lower extremities; these dysfunctions result in dependency for ADLs
and a lack of social integration (Song, 2014). In addition, task-oriented training in affected arm
function has improved the function of an affected arm and ADL in children with spastic CP
(Song, 2014). In addition, the ability to record movement performance in upper extremity tasks
will give an accurate recording that can estimate the ability to perform daily tasks.
Assessment of function in the upper extremity can be challenging. Geijen et al. (2019)
recently developed a variation of the crate and pitcher tasks to assess strength and function in the
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upper extremities. The task requires the child to bimanually lift a crate and unimanually lift a
pitcher off an instrument known as the Task-Oriented Arm Hand Capacity (TAAC) instrument
(Geijen, 2019). The instrument has a sensor that measures the force while a child lifts an ADL
object (Geijen, 2019). The task is relevant to children with CP as it shows their ability to
manipulate ADL objects and can be transferred to other ADL objects, such as school bags,
mobile devices, and other household items (Geijen, 2019). While the task is helpful to show
strength and performance in ADLs, it has limitations as the ROM to lift the objects is limited
compared to other functional tasks of daily living.
A common task and essential skill in the developmental process is the overhand throw,
requiring a greater ROM (Ghorbani, 2017). The most efficient throwing pattern produces
forceful movement through the kinetic chain, from proximal to the distal segments of the upper
extremity, to release an object at peak movement velocities (Scarborough, 2021). The kinetic
chain involves the transfer of energy from the external shoulder rotation through the upper arm
into the elbow; then, as the shoulder begins its internal rotation, it leads into peak elbow
extension, transmitting the power through the forearm into the hand to release the object
(Seroyer, 2010). Therefore, the coordination of the kinetic chain is required to execute a mature
movement pattern for the overhand throw. Therefore, the overhand throw can assess multiple
functional components in the upper extremities among children with CP.
International Paralympic competitions feature many throwing tasks in which individuals
with disabilities compete to show their prowess (Spathis, 2015). Recruitment for these
competitions features talent identification programs that predict the individual’s throwing ability
(Spathis, 2015). One such program, developed by Spathis et al. (2015), was a valid measure for
throwing performance in typically developing individuals for five distinct seated and standing
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throwing activities. A panel of five experts created a battery of talent identification tests, and
criterion throws to predict throwing performance outcomes(Spathis, 2015). This study's throw
featured five kinematically distinct activities: seated and standing overhand throws, seated and
standing rotational throws, and backward over-head throwing(Spathis, 2015). All throws were
conducted with a standard Paralympic throwing club and performed with their dominant hand
(Spathis, 2015). Along with this, the talent identification battery was comprised of three
anthropometric, height(cm), sitting height(cm), and arm length(cm), and six motor tests, seated
force throw, standing force throw, a target throw, an isometric maximum voluntary contraction,
standing broad jump and sidestep shuttle(Spathis, 2015). Adapting and performing these kinds of
predictive assessments on individuals with disabilities will help show that they can be reliable
techniques to use in rehabilitative interventions.
Fitt's law is the speed and accuracy trade-off (Fitts, 1954). Done initially with tasks that
featured hand movements, Fitts observed that increased amplitude leads to a poorer performance
outcome (Fitts, 1954). This relationship characterizes increased movement time (MT) as the
index of difficulty (Id) also increased. The index of difficulty is
Id = -log2

𝑊

2𝐴

with (W) being the tolerance range in inches and (A) being the average amplitude of the
movement (Fitts, 1954). Fitts stated that his results' consistency showed the motor system's
performance capacity (Fitts, 1954). He also stated that visual and proprioceptive feedback is
constant over various movement conditions (Fitts, 1954). This implication would mean that
when instructed to perform tasks maximally, individuals will move quickly to generate maximal
force to complete the task. In contrast, a more accuracy-based task will require the individual to
use a more controlled, coordinated movement pattern. A study focusing on applying Fitts law in
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throwing showed that when instructed to move the arm in the sagittal plane in a fixed state, the
MT required to fulfill the Id increased as the amplitude increased (Kerr, 1977). This agreeance
with Fitts law demonstrates that in maximal movement in the sagittal plane, the need for
accuracy tends to require longer MT in a fixed movement (Kerr, 1977). As previously stated,
children with CP have perceptual and sensory impairments that would make perceiving a target
more difficult (Pakula, 2009). These impairments would disrupt the needed perceptual
requirements of the task and may require longer processing times to conduct the task. This longer
processing time would reflect how individuals with CP adjust their motor planning to meet the
requirements for an accuracy-based task. A similar study with individuals diagnosed with autism
spectrum disorder (ASD) showed that individuals with ASD tended to have less velocity on their
throws and had a lower composite score for throwing proficiency when compared to typically
developing peers (Todd, 2021). Individuals with ASD presented issues with coordination in their
acceleration phase in the throw (Todd, 2021)
The overhand throw is one of the last motor skills children learn, with a mature pattern of
development generally demonstrated by age 10 (Kasuyama, 2016). The complexity of the task
and corresponding contributions of both speed and accuracy can be quantified using Fitts law.
The dependent variable in the equation, arm speed, can be estimated proportionate to the target's
distance and size. Bimanual tasks have been tested for their adherence to Fitt's law. They have
shown that when performing such tasks, the motor system solves the issue of moving multiple
degrees of freedom by constraining the limb musculature to act as a single unit (Kelso, 1979).
This solution means that variables that influence one limb moving towards a target have
modulatory effects that concur with the other limb (Kelso, 1979).
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The development of a reliable upper extremity assessment is needed to examine muscle
power and coordination among adolescents with CP. If performed skillfully, the overhand throw
requires the coordination of multiple body segments. Additionally, task parameters such as
distance and accuracy can indicate temporal and spatial coupling of the upper extremity.
Performance of the overhand throw under different task goals such as maximal distance and
accuracy may also indicate the effect of CP symptoms such as muscle weakness, spasticity, and
hypertonia. Therefore, the purpose of this study will be twofold: Is a modified throwing
assessment a reliable measure of distance and accuracy? Furthermore, is a modified throwing
assessment a valid measure of upper extremity power?
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CHAPTER 2
METHODS
Participants
Seven participants with CP completed two separate testing sessions seven to ten days
apart. Recruitment included delivering flyers to clinics and school systems across the state of
Georgia and in-person recruiting. Assessments were conducted in a controlled laboratory
environment, with all participants' information kept private. Inclusion criteria for this study were
as follows: (1) between the ages of 12 and 21 years old, (2) within levels I through III of the
GMFCS, (3) cleared by a medical professional for physical activity, and (4) able to perform a
task of daily living, such as picking up a cup or utensil, with at least one upper limb. Because the
study was conducted during the COVID-19 pandemic, participants were excluded if they
presented any of the following nine risk factors for respiratory illness:
1. Classification in GMFCS level IV or V.
2. At least one hospital admission for respiratory illness in the past year
3. Oropharyngeal dysphagia (difficulty swallowing)
4. High risk of seizures
5. Frequent respiratory symptoms (cough, wheezing, phlegm, or gurgly chest.
6. Recent history of gastroesophageal reflux disease
7. At least two courses of antibiotics for chest infections in the past year
8. Mealtime respiratory symptoms (gurgly voice, wheezing, coughing, sneezing,
choking)
9. Snoring every night
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Instrumentation
Overhand throw. An overhand throwing assessment adapted from a validated
assessment of throwing performance was conducted (Spathis, 2015). Spathis et al. showed
reliable and valid performances in five kinematically distinct seated and standing throwing
activities (Spathis, 2015). However, the adapted throwing assessment only focused on using the
seated overhand throws used in Spathis et al. (2015) with two distinctive throwing outcomes, a
maximal throw and an accuracy throw. The two throws showed multiple predictions for upper
extremity performance: one that indicated upper extremity power using the farthest thrown
distance using an overhand throw while seated defined as Maxdist, and two that showed upper
extremity coordination, using the average distance between the throws from the center using a
coordinate scale for the X- and Y-axes, defined as Rel. error (X-axis) and Rel. error (Y-axis),
respectively. A third accuracy measure was used, taking the average distance of the radii of the
throws from the center of the target, defined as Abs. error. Also, this assessment employed a
standard softball covered in chalk for the throws to mimic common sports found in the United
States of America, such as softball and baseball. Maximal throws were within a 34° vector
(Federation, 2011). The participant was seated in a standard wheelchair and instructed to throw a
standard softball covered in chalk as far as they could throw. The farthest throw of three was
recorded as Maxdist. Accuracy throws were performed by throwing at a custom-made 8ft x 8ft
target with five concentric circles overlaid with gridlines from 66% of Maxdist to allow for a
smaller Id following Fitts law to allow for the MT increase for an accurate throw, with the
participant seated in a standard wheelchair again throwing a standard softball covered in chalk.
Accuracy throws were scored by taking the coordinates of the throws and then calculating the
absolute and relative error.
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Ski Ergometer. Pulldown exercises were performed within a Concept2 ski ergometer
(Concept2, Vermont, USA), with the participant seated within a standardized wheelchair backed
into the machine and facing out. The Concept2 ski ergometer is a machine that simulates the
pulling motion of a rowboat and can be used standing or seated within the machine and shown to
be a piece of valid equipment to assess critical power in Watts (Fukuda, 2014). Critical power is
the workload that can be maintained indefinitely without exhaustion (Fukuda, 2014). This
definition means critical power is the workload individuals can work at without exhausting their
VO2 capacity. Any work done past critical power will lead to VO2 exhaustion, increased
intramuscular inorganic phosphate concentrations, and deceased intramuscular pH (Fukuda,
2014). Compared to traditional multi-trial tests, there was no statistical difference in critical
power estimates or critical stroke rate (Fukuda, 2014). Four measures of upper extremity
pulldown power were recorded. The average wattage of all maximal pulls was taken, defined as
Pavg. as well as the peak wattage output from all maximal trials, defined as Ppeak. These two
measurements were taken for each arm. Finally, the participants were instructed to keep the
stroke rate as high as possible during each trial, like traditional 3-minute graded exercise tests
(Fukuda, 2014).
Research Design
The research design for this study was a test-retest study to develop the reliability of a
novel measure for upper extremity function for adolescents with Cerebral palsy. Test-retest
reliability measures the similarity of results between two separate rounds of testing on two
separate days (Field, 2018). The aim was to develop a test that could reliably assess the
performance of overhand throws in both maximal and accuracy conditions between two different
days. The purposed hypothesis of this study was that the combination of the developed throwing
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tests, in conjunction with outcome measurements of reliable instruments, will show a reliable
correlation to assess overhand throwing in the CP population. This study was part of a larger
project which obtained approval from the Georgia Southern University Institutional Review
Board. Procedures for the study are as put.
Procedures
From here, the procedures of (Spathis, 2015) were used to set up the procedures for
seating and throwing vectors. In line with this assessment, participants were seated in a
wheelchair to 100% of seating height with the hips, knees, and ankles in 90º of flexion to ensure
that leg propulsion did not affect the throw. Once aligned, the participant was taken to a premade
34° throwing vector, where they were instructed to throw a softball as far as possible. After five
practice trials, participants were given a one-minute rest and then handed a chalk-covered
standard softball for their three recorded trials, with the furthest distance recorded as Maxdist.
Maxdist was then multiplied by 0.66 to establish the length for the accuracy throw. The
participant was given five practice attempts to aim at the center circle of 5 concentric circles on
an 8-foot by 8-foot target from this established length. After the practice, participants were given
another one-minute rest; then, the participant was handed the chalk-covered softball again for
their recorded trials.
Maximal power was measured via a Concept2 ski ergometer (Concept2, Vermont, USA)
while seated against the back of the ski ergometer like Colquitt et al. (Colquitt, 2020). First,
participants completed a brief warmup. The participant was instructed to pull with their more
affected (MA) hand at 50% or half of their projected maximal output for six pulls; then, they
were to do the same with their less affected (LA) hand. Participants were given a one-minute rest
and then instructed to pull at 70% of projected maximal power, described as pulling with more
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force than their 50% pulls but still not their all-out force, for four pulls for both arms.
Participants were then given three minutes of rest before performing five pulls of 100% maximal
power for the MA hand and LA hands separately. The instructions were to pull as hard and fast
as possible with the examiner cheering on the participant.
Data analysis
All statistical analyses were performed using SPSS, version 25 (IBM Corp., Armonk,
NY, USA). Test-retest reliability was investigated using a two-way random model interclass
correlation coefficient with absolute agreement (ICCagreement). The ICCagreement was calculated for
all eight recorded outcomes to compare correlations between both rounds of testing. Values
equal to above 0.90 were considered great reliability (Fleiss, 1973). Values equal to or above
0.80 were considered to have good reliability (Fleiss, 1973). Values between 0.40 and 0.79
represent moderate reliability, while values of 0.40 or lower represent poor reliability (Fleiss,
1973).
Standard errors of measurements (SEm) were used to display the error level within the
adapted throwing tests and the peak power tests. The SEm is used to estimate how repeated tests
using the same instrument or protocol can be distributed across their "true" score. The
assumption is that a "true" score will remain unknown due to the inability of a constructed
protocol to reflect a perfect "true" score. The SEm is related directly to the reliability of a test,
and lower scores, relative to the test, are considered optimal. SEm was calculated by multiplying
the standard deviation of the results of each test by the square root of one minus the reliability
measure (R). Due to the novelty of the measures, the ICCagreement scores were used as the
reliability measure in the equation. A representation of the equation is shown here:
SEm= SD √1 − 𝑅
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Once SEm was calculated, 95% confidence intervals were constructed that would likely contain
a certain test's "true" score within the 95% confidence. The confidence intervals were by taking
the mean scores of the test and adding the SEm measure multiped by two to create the upper
bound level; lower bound levels were constructed by taking the difference between the mean and
the multiplication of SEm and two:
95%CI= 𝑥̅ − (2 𝑥 𝑆𝐸𝑚), 𝑥̅ + (2 𝑥 𝑆𝐸𝑚)
A Pearson’s correlation was run to show the relationship between Maxdist and Ppeak of
both arms to determine the relationship between throwing distance and upper extremity power.
Strong correlations are defined as having a coefficient value between 0.50 and 1.00, while
coefficients between 0.30 and 0.49 are considered medium correlations, coefficients below 0.29
are considered low correlations, and coefficients with a coefficient of 0 are considered to have no
correlation (Weir, 2021)
Bland-Altman plots were used to assess the agreement between the two tested trials for
the maximal throws and the peak power pulldowns from the ski ergometer. Levels of agreement
were evaluated between the test and retest using limits of agreement (LOA) constructed to a 95%
confidence interval. Outliers were defined as extreme values that deviated from other values
outside of the constructed confidence interval.
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CHAPTER 3
RESULTS
Descriptive Statistics
Descriptive statistics of the participants are reported in

Table 1. All participants (males

n=3 and females n=4) participated in both testing sessions with a mean age of 18 years and two
months (SD= 2 years four months). Four conditions were used to assess throwing performance:
maximal throw distance (Maxdist), relative error along the X-axis (Rel. error (X-axis), relative error
along the Y-axis (Rel. error (Y-axis), and the absolute error of throw (Abs. error). Another four
conditions were used to report the power outputs of the participants as well: average power of the
LA arm (Pavg-LA arm), the average power of the MA arm (Pavg-MA arm), peak power of the LA
arm (Ppeak-LA arm), and peak power of the MA arm (Ppeak-MA arm).
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Table 1. Participant Demographics
Participants

Sex

Age (years)

GMFCS

MACS

Participant one

Male

18

II

I

Participant two

Female

16

I

II

Participant three

Male

19

I

I

Participant four

Female

17

I

III

Participant five

Female

21

III

II

Participant six

Female

15

I

I

Male

21

I

I

Participant seven

22
Each participant fulfilled all eight conditions during each of the two testing sessions and
the mean score for all participants were calculated. For the throwing battery the following means
were found for test one (M1) and test two (M2) respectively: Maxdist (M1 = 457.33, M2 = 455.82),
Rel. error (X-axis) (M1 = -0.91, M2 = -0.77), Rel. error (Y-axis) (M1 = -1.84, M2 = -0.30), and Abs.
error (M1 = 4.06, M2 =3.39). Additionally, means were found for the power assessments as well:
Pavg- LA arm (M1 = 6.71, M2 = 6.86), Ppeak- LA arm (M1 = 12.00, M2 = 11.82), Pavg- MA arm (M1
= 4.57, M2 = 3.57), and Ppeak- MA arm (M1 = 6.43, M2 = 6.57). Scores of individual tests are found
in Table 2.
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Table 2. Averages and standard deviations of each testing session.
Variable

Test One

Test two

(Mean ± SD)

(Mean ± SD)

Maxdist

457.43 ± 317.87

455.86 ± 316.26

Rel. Error (X-axis)

-0.91 ± 1.80

-0.77 ± 1.06

Rel. Error (Y-axis)

-1.84 ± 3.06

-0.30 ± 2.60

Abs. Error

4.06 ± 2.05

3.39 ± 1.74

Pavg. LA arm

6.71 ± 5.74

6.86 ± 6.31

Ppeak LA arm
Pavg. MA arm

12.00 ± 10.38
4.57 ± 3.26

10.29 ± 10.93
3.57 ± 3.41

Ppeak MA arm

6.43 ± 3.99

6.57 ± 5.44
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Relationship between Maxdist and Ppeak
The relationship between Maxdist and Ppeak is displayed in Figure 1 and Figure 2. There
was a visible trend when comparing Max

dist

measures with P

peak

measures of both arms.

Participants with a farther Maxdist displayed greater Ppeak in both arms in tests one and two.
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Figure 1. Graph showing the relationships between Maxdist and Ppeak during the first round of
testing. The trend line shows that participants who can throw farther also perform the upper
extremity power exercises to a greater degree.
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Figure 2. Graph showing the relationship between Maxdist and Ppeak during the second round of
testing. The trend line shows that participants who can throw farther also perform the upper
extremity power exercises to a greater degree.
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Test-Retest reliability of full battery
Intraclass correlations of agreement (ICCagreement) were conducted to show the
correlations between the two tests in eight different conditions and are displayed in

Table 3.

The ICCagreement showed high correlations in all conditions except for two (Rel. error (X-axis) and
Ppeak in the MA arm).
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Table 3. Intraclass Correlations and Confidence Intervals (CI) at 95%
95% Confidence Intervals
Variable

ICCagreement

Upper

Lower

Maxdist
Rel. error (X-axis)
Rel. error (Y-axis)
Abs. error
Pavg-LA arm
Ppeak- LA arm

0.98
-0.81
0.66
0.88
0.91
0.83

0.98
0.76
0.94
0.98
0.99
0.97

0.89
-1.10
-0.04
0.27
0.58
0.35

Pavg- MA arm

0.93

0.99

0.62

Ppeak - MA Arm

0.51

0.90

-0.44
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Reliability of measurements
Standard errors of measurements (SEm) were conducted to display the level of error
within the adapted tests. The calculated SEm of each condition and the CI that corresponds with
the measure are displayed in Table 4. SEm’s were made for both rounds of testing and showed
acceptable levels of variance for all conditions, apart from Rel. error (X-axis). The average
results of each condition were within the 95% CI range for tests one and two.
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Table 4. Standard errors of measurements and constructed confidence intervals
95% CI-test one
Variable

SEm-test one

Upper

Lower

Maxdist
Rel. error (X-axis)

44.95
2.27

545.44
3.55

Rel. error (Y-axis)

1.98

Abs. error

95% CI-test two
Upper

Lower

369.22
-5.37

SEm-test
two
44.74
1.37

543.52
1.92

368.12
-3.46

2.05

-5.73

1.38

2.41

-3.01

0.87

5.76

2.36

0.73

4.82

1.96

Pavg- LA arm

1.72

10.09

3.33

1.89

10.57

3.15

Ppeak- LA arm

4.28

20.39

3.61

4.63

20.91

2.75

Pavg- MA arm

0.86

6.26

2.88

0.90

5.34

1.80

Ppeak - MA Arm

2.79

11.90

0.96

3.81

14.03

-0.89
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Test-Retest Reliability of maximal throw distance
The ICCagreement for the two tests was 0.98 (CI= 0.89 – 0.99). The mean difference
between the two tests was 1.51cm. The limits of agreement (LOA) were -129.16cm and
132.18cm, respectively. No outliers were identified based on the Bland-Altman plot shown as
Figure 3B. The points were determined by taking the difference between the scores from the
second testing session and the first session and plotting them over the means of the two tests.
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(A)

(B)

Figure 3. (A) Scatterplot showing the relationship between Maxdist scores of test one (T1) vs. test
two (T2) and (B) Bland-Altman plot showing the relationship between the maximal distances of
test one and test two. The middle line shows the mean difference of the measurements, while the
upper and lower lines display the limits of agreement. The X-axis shows the mean of the two
measurements, while the Y-axis shows the difference between the two measurements.

33

Test-Retest Reliability of the ski ergometer pulldowns
The following graphs for

Figure 4 show the relationships for the pulldowns of the pulldowns in both testing sessions.
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Figure 4A shows the relationship for the first testing session with the outputs for the MA arm on
the Y-axis and the LA arm on the X-axis.

Figure 4B shows the relationship for the second testing session with the outputs for the MA arm
on the Y-axis and the LA on the X-axis.
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(A)

(B)

Figure 4. Scatterplots of the pulldowns for the first (A) and second (B) testing sessions of the ski
ergometer pulldowns
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The ICCagreement for the peak pulldowns of the LA arm was 0.83 (CI 0.36-0.97). The mean
difference between the two tests was 1.00W. The LOA was -2.59W and 4.59W, respectively. No
outliers were identified based on the Bland-Altman plot (Figure 5A). The ICCagreement for the
peak pulldowns of the MA arm was 0.51 (CI -0.44-0.90). The mean difference between the two
tests was -0.14W. The LOA was -9.76W and 9.48W, respectively. One outlier was identified
based on the Bland-Altman plot (Figure 5B). The points were determined by taking the
difference between the scores from the second testing session and the first session and plotting
them over the means of the two tests.

37

(A)

(B)

Figure 5. Bland-Altman plots show the relationships between LA arm and MA arm pulldowns.
The middle line shows the mean difference of the measurements, while the upper and lower lines
display the limits of agreement. The X-axis shows the mean of the two measurements, while the
Y-axis shows the difference between the two measurements.
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CHAPTER 4
DISCUSSION
The first purpose of this study was to determine the inter-day reliability of the throwing
battery that tests a measure of maximal distance and a measure of accuracy while performing an
overhand throw in children with CP. The data suggest good reliability for the modified throwing
battery. Maxdist and abs. error both showed good to great reliability with ICCagreements of 0.98 and
0.88, respectively, while the relative error of the Y-axis showed a moderate ICCagreement of 0.66.
The only condition that showed poor to no reliability was the relative error of the X-axis with an
ICCagreement of -0.81. These findings indicate that the battery can be replicated reliably for a
measure of throwing power and throwing accuracy with the ICCagreements of the Maxdist and Abs
error.
Compared to the crate and pitcher task performed by Geijen et al., which also tested for
reliability in a task of upper extremity function, the adapted throwing assessment also showed
good test-retest reliability in the measured tests. The crate and pitcher tasks tested the reliability
in two groups aged 6-12 and 13-18, which were both comparable age ranges to the participants
tested in this study. However, a limitation of the crate and pitcher task was the difficulty children
with unilateral CP had with the pitcher task (Geijen, 2019). Not all children could hold the
pitcher fully horizontal to perform the task (Geijen, 2019). The adapted throwing task is a more
accessible task for children with CP as it does not require equipment outside of a standard-sized
softball and target and does not require the need to lift heavy objects. The adapted throwing test
shows good to great reliability for adolescents diagnosed with CP and allows for ease of access
to complete the task.
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Another assessment of upper extremity function performed in children with CP is the
Melbourne-II (Randall, 2001). The Melbourne assessment scores the quality of unilateral upperlimb motor function based on items involving reach, grasp, release, and manipulation (Randall,
2001). The Melbourne has been considered a reliable tool for research and evaluating the
effectiveness of therapeutic interventions (Randall, 2001). The adapted throwing assessment had
comparable reliability scores to the Melbourne assessment. One limitation of the Melbourne was
the high sensitivities of the instrument for detecting an individual's changes. The high
reliabilities from the inter-day results of the adapted throwing assessment show that the throwing
assessment may have less sensitivity than the Melbourne in assessing individual differences.
However, the continuation of the throwing assessment to show more inter-day reliability may
prove beneficial to show the throwing test to be a reliable tool for repeated measures for children
with CP.
To assess coordination in this study, two separate error measurements were used. The first
was a measurement of relative error for each participant. The relative errors were not reliable
when looking at scores along the X, or left-right, axis. For this axis, the reliability score was 0.81, which shows no reliability between each testing session. This could be inferred that
children with CP tend not to participate in formal physical activity (Imms, 2008). This
inexperience in sports would mean that children with CP have less experience with throwing at a
target with accuracy. Additionally, when looking at scores along the Y, or up and down, axis,
there was a moderate reliability score of 0.66. This indicates that participants were more reliable
in getting a ball to the same height but had more difficulty when trying to hit the same spot on
either side of the center. These various experiences with the accuracy task and the varying levels
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of impairment lead to a wide range of performance when considering accuracy in a relative
manner.
In contrast, the abs. error scores were reported as 0.88, showing that while participants
were all over the target on either side, their overall distance from the center of the target stayed
the same. This relates to the level of familiarity with the accuracy tasks, which shows that while
the participants could reliably be the same distance from the center, their ability to hit one spot
consistently needs improvement. Therefore, the ability to improve coordination and its effects on
accuracy should be accessed in future studies.
Additionally, the SEm measures for the throwing tests showed strong reliability for the
modified tests, with the reported SEm scores being in acceptable ranges for each test. These
findings further add to the reliability of the battery as they show that the adapted tests do not
have any indications of being biased. For example, the SEms showed low scores relative to the
raw data and were within acceptable confidence interval ranges. These low levels of bias show
that the tests can be performed repeatedly without the worry of significant variance between tests
by the administrator. The throwing battery in this study was adapted from a validated study of
throwing performance (Spathis, 2015). The study conducted by Spathis used a variety of throws
while seated and non-seated to give a wide range of throwing performances while also
incorporating a talent identification battery used to show measures in anthropometrics and motor
skills (Spathis, 2015). The means of the Maxdist, Rel. error (X-axis), Rel. error (Y-axis), and Abs.
error was within the 95% confidence intervals indicating that bias by the researcher was minimal
for all tests. All the scores were acceptable relative to the score they were based on and showed
low bias. These scores give confidence that the battery could be a reliable tool for upper
extremity performance in children with CP.
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The study also aimed to assess if the throwing battery could be a valid measure of upper
extremity power. Upper extremity power is another indicator of upper extremity performance
and is essential in function for ADL. In agreeance with past literature, the participants in this
study showed that weaker muscles correlated with poorer performance in a functional task
(Barrett, 2010). Figures 1 and 2 indicate a trend showing that stronger participants were able to
throw for further distances. Pearson’s correlations also showed that throwing distance and
pulldown power had good to great correlations: 0.80 for the first testing session's right arm, 0.93
and 0.88 for the second testing session's right and left arms, respectively. Findings for the first
round of testing’s left arm were not significant. Pulldown power is an important indicator of
upper extremity function due to the implications that power can have on the development of a
child with CP. Furthermore, children with CP have weaker muscles than TDC, impacting their
performance in functional tasks (Barrett, 2010). However, these weaker muscles can lead to
difficulty in efficiently performing ADL. Upper extremity power leads to the ability to
manipulate heavier objects and perform tasks with higher levels of force. Power can be difficult
to assess in children with CP due to muscle weakness and the ability to perform power testing.
The ability to find correlations between pulldown power and distance thrown allows for a more
accessible test of upper extremity function and power rather than tests that require full exertions
with heavy equipment. This increased accessibility will allow therapists and clinicians to have
more options for upper extremity testing in children with CP while also making testing safer for
the child.
Many symptoms limit upper extremity function among children with CP. The ability to
move the upper extremities with coordination is vital for individuals with CP. Upper extremity
coordination allows individuals with CP to be more independent in their abilities to carry out
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ADL. The ability to manipulate objects with proper coordination improves the ability to carry
out ADLs with greater independence. For example, the overhand throw is a task chosen to test
for upper extremity coordination. Overhand throwing is a common and essential task in
adolescents' development (Ghorbani, 2017). The overhand throw is an indicator of mature
muscle development due to the requirements the task places on the musculature and kinetics of
the body. A mature throwing pattern features the advancement of energy through multiple body
segments starting from the lower extremities and moving up the trunk into the upper extremities
to release a ball with the desired force through the kinetic chain (Scarborugh, 2021). The kinetic
chain requires the transfer of energy from the lower extremities through the trunk into the
shoulder of the throwing arm. From here, force moves through the shoulder rotation through the
upper arm into the elbow; then, as the shoulder begins its internal rotation, it leads into peak
elbow extension, transmitting the power through the forearm into the hand to release the object
(Seroyer, 2010). The efficiency with which an individual can spread this energy through their
body indicates their temporal and spatial coupling by pairing the movements of the body
segments in appropriate timing sequences to perform the task. Finally, suppose the transfer of
energy is done in a mature and coordinated manner. In that case, it will reflect in desired results
when performing an overhand throw within the desired parameters, such as when aiming for
accuracy. The coordination required to carry out the overhand throw indicates a mature
development of the musculature and ROM in the upper extremities.
The relationship between temporal and spatial coupling was a vital component of the
design for the adapted test. Fitts law was used to display the inverse relationship between the
speed at which a task is performed and its accuracy (Fitts, 1954). The two components of the test
used both principles of the speed-accuracy trade-off to display their findings. The Maxdist
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component shows the principle of using “speed”; in this case, maximal throwing power generates
power to throw the ball as far as possible. This test was constructed by having the participants
throw into the 34 vector with no obstructions in sight and instructed to throw with maximal
effort. With no deterrents to the throw and the body segments moving at maximal force, the
resulting throw was a quick throwing maneuver that launched the ball at higher forces without
regard for aiming. Inversely the accuracy component was used to show coordination of the throw
and performance to hit the target in the center. By taking a proportion of the maximal distance to
determine the distance to the target for the accuracy component of the test, the participant would
be able to focus more on aiming at the center of the target as opposed to throwing the total
distance. This reduced distance would allow the participant to spend more time prepping for the
throw to hit the center of the target and incentivize a longer, more coordinated throw to achieve
the desired outcome of hitting the center of the target. The awareness of the speed-accuracy
trade-off allowed for the adapted throwing test to be constructed to allow participants to have an
efficient throwing pattern that could be measured to show the relationship between speed and
accuracy.
Due to the restrictions on the ROM in CP caused by spasticity and increased tone (Klotz,
2014), it is imperative to find a reliable assessment of upper extremity coordination and function.
Compared to the crate and pitcher tasks by Greijen et al. (2019), the overhand throwing task used
in this study incorporates a larger ROM in the arm by throwing and pulling the handle instead of
lifting objects off a plate. Viewing these larger ROMs indicates performance in more common
everyday tasks such as opening doors, manipulating utensils and tools, and using the upper
extremities to ambulate in a wheelchair. The reliability of the adapted throwing battery shows an
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ability to create a functional test that incorporates a functional ROM and reflects the individual's
musculature.
An advantage of the throwing battery and the power test on the Concept2 ski ergometer is
the accessibility of both tests. A significant limitation of rehabilitative interventions for children
with CP can be the specificity of testing equipment and procedures that require the child to be
present in a clinical or laboratory setting. These findings showing a validated measure allow for
more accessible tests to be performed outside the specified setting mentioned earlier.
Limitations of this study included the heterogeneity of the tested sample. While all
participants were diagnosed with CP, the levels of disability varied by participant. This variance
led to varying performances with the Maxdist, Pavg, and Ppeak measures. Adding to the variability
of the study is the smaller sample size than expected. While the study's findings show positive
trends, there is a need for more testing with large sample sizes to validate the findings further and
improve the significance of some statistical tests performed. Another limitation of the study was
that the original instrument to record ROM measures had difficulties providing reliable data to
show an objective measure of ROM. Due to this, the planned explanation for ROM interpretation
was unable to be used, leading to limitations in reporting that variable.
One direction for future research would be the effect of a standardized resistance training
regimen incorporating the overload principle to see if improvements can be made to muscle
power and how those improvements relate to muscle function.
Conclusions
The adapted overhand throwing battery was a reliable measure of upper extremity
function. In addition, the overhand throwing battery correlated positively to the validated power
assessment of the Concept2 ski ergometer showing a good relationship between the throwing
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battery and upper extremity power. Larger sample size is needed to confirm the measures of
reliability and validity of the adapted throwing assessment. In addition, the overhand throwing
battery could be an effective tool for assessing upper extremity function outside the laboratory.
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APPENDIX
LITERATURE REVIEW
Cerebral palsy (CP) is one of childhood's most common developmental disabilities, with
a prevalence of 3.3 per 1,000 children (Pakula, 2009). CP can be classified in various ways, such
as topographic, etiologic, neuropathological, and functional (Pakula, 2009). This wide range of
classifications for CP and how each one defines CP helps build information needed in the care of
individuals with CP. The symptoms of CP and how they can affect an individual's quality of life
include cognitive impairments, epilepsy, sensory impairments, visual impairments, hearing loss,
and developmental and urogenital problems (Pakula, 2009). These classification systems and
symptoms impact the quality of care for individuals with CP, as well as determining plans for
transitioning throughout the individual's lifetime. CP has gone through numerous definitions,
with the most current being defined as "Cerebral Palsy is a group of permanent disorders of the
development of movement and posture, causing activity limitation, attributed to non-progressive
disturbances that occurred in the developing fetal or infant brain. The motor disorders of cerebral
palsy are disturbances of sensation, perception, cognition, communication, behavior, epilepsy,
and secondary musculoskeletal problems”(Rosenbaum P, 2006).
An objective measure for the classification of CP is the use of magnetic resonance
imaging (MRI) (Kesar, 2012). Children with CP showed a lateral shift of first dorsal interosseous
and tibialis anterior maps when MRI mapping (Kesar, 2012). There were three types of patterns:
ipsilateral, contralateral, and bilateral (Kesar, 2012). Greater lateralization of FDI maps was
associated with worse upper extremity motor function (Kesar, 2012). MRI mapping showed
discrepancies in classifications when compared to functional classifications. (Kesar, 2012). 87%
of children with bilateral spastic CP showed abnormalities, with 9% having brain mal-
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developments, 63% having periventricular white matter lesions, 13% having cortical or deep
grey matter lesions, and 3% could not be classified (Krägeloh-Mann, 2007). Unilateral spastic
children showed 90% abnormal findings with 16% from brain mal-developments, 35% having
PWM lesions, 31% having cortical or deep grey matter lesions, and 7% unable to be classified
(Krägeloh-Mann, 2007). Dyskinetic children had 15 of 22 children showing abnormal findings,
with 12 having cortical lesions and three with PWM lesions (Krägeloh-Mann, 2007). Walking
ability was significantly related to CP type, with the mean proportion of children unable to walk
being 28%, with the prevalence rate of children with CP unable to walk being stable during the
whole studied period of 1976-1996. (Beckung, 2008). Regression analysis showed that
intellectual impairment was the prominent explanatory factor in walking ability in all CP types
(Beckung, 2008). After cross-sectional studies, it was unclear that intellectual impairment was
responsible for the incapability to walk but could have the exact origin of affecting walking
ability (Beckung, 2008). Adolescents with CP with perceptual deficits showed poorer imagery
abilities (Courbois, 2004). Individuals in this group showed lower rates of image generation,
speed of scanning, and speed of mental rotation. (Courbois, 2004) Also, reaction times were
slower in all tasks. (Courbois, 2004). However, there were no significant differences between the
CP group with no perceptual deficits and controls in response times and error rates (Courbois,
2004).
Two major functional classification systems for CP are the gross motor function
classification system (GMFCS) and the manual ability classification system (MACS). The
GMFCS and MACS are similar in that they are both five-level, where the first level reflects the
best functional ability and the fifth corresponds with a poor ability (Carnahan, 2007). The two
differ in that the GMFCS classifies gross motor function and the ability to ambulate, while the
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MACS classifies the ability to grasp and hold objects in one's hand (Carnahan, 2007). Findings
show that overall correlation was poor when using Kappa statistics; however, there were
different associations within subtypes (Carnahan, 2007). Hemiplegic CP showed manual ability
was more limited than gross motor function, while the opposite was seen in diplegic CP
(Carnahan, 2007). Dyskinetic CP showed a closer connection between levels (Carnahan, 2007).
These findings could be because the lower cognitive abilities of some of the children could
contribute to poorer motor function scores as those are determined more by cognitive ability
(Carnahan, 2007). The MACS reports the collaboration of both hands and is not an assessment of
each hand separately (Eliasson, 2006). Instead, it aims to describe the handling of objects of
daily living such as eating, dressing, playing, and writing, which are distinctly different from
upper limb activities that require special training, such as playing an instrument or throwing
(Eliasson, 2006). The MACS was reliable, with disagreements distributed across all levels,
indicating that no level was more difficult to judge than the others (Eliasson, 2006). A high but
not perfect correlation between MACS and GMFCS indicated a different construct (Eliasson,
2006). GMFCS has been shown to have five distinct and significantly different motor growth
curves (Rosenbaum P, 2002). However, the quality of an individual's motor control is not in
these curves, which is an aspect of motor development that emerges later in development, nor do
the graphs show how children apply their motor function in daily participation (Rosenbaum P,
2002). These omissions mean that those involved in nurturing a child's development with CP
should not assume that other therapy could not still benefit the child (Rosenbaum P, 2002). Also,
within groups, variations depend on other symptoms impair motor function, such as visual,
perceptual, motivation, cognitive capacity, and other variables (Rosenbaum P, 2002).
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Motion capture analysis can be used to view how ROM is affected by spasticity and
contractures in children with CP performing tasks of daily living (Klotz, 2014). Results show
that the MACS is a rough rating tool estimating limitations in performing tasks of daily life
(Klotz, 2014). However, motion analysis remained the only method to record movement
deviations in detail (Klotz, 2014). Unimanual tasks were sufficient to show limitations in ROM
and other compensatory movements (Klotz, 2014). Bimanual tasks are essential to viewing the
coordination of the upper extremities in CP (Klotz, 2014). Both uni- and bimanual tasks were
considered feasible to measure limitations in ROM for children with CP (Klotz, 2014). However,
bimanual tasks showed no benefit in evaluating ROM in this context (Klotz, 2014). Finally, a
study has found that the efficacy of a task-oriented training program can improve functional
activities in the affected arm (Song, 2014). The Task-oriented approach improved the functional
activities and reduced dysfunction in the affected arm (Song, 2014).
Two functional tasks have been a test to show upper extremity function. First, in the
bimanual crate task, the participant was required to pull the crate fixed to the Task-Oriented Arm
hand Capacity (TAAC) instrument and hold it for five seconds up to three times (Geijen, 2019).
As well as the unimanual pitcher task, which used the same procedure as the crate task, except
the procedure was carried out first with the non-affected hand and then with the affected hand
(Geijen, 2019). The TAAC is an instrument that contains a sensor to measure the force while a
child lifts an object of daily living (Geijen, 2019). The test-retest reliability for both tasks was
good, with a moderate confidence interval in a group of 13-18-year-old participants (Geijen,
2019). The results of the pitcher task with the affected hand showed moderate test-retest
reliability, with a large confidence interval, despite acceptable correlation values (Geijen, 2019).
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Large standard deviations were notable when interpreting strength changes over time due to
force variability (Geijen, 2019).
Baseball pitching is a task that has a clear phase structure making it a sufficient model for
kinematic analysis of movement phases during motor learning (Ghorbani, 2017). The analysis of
movement phases could have theoretical and practical implications for optimal learning and help
coaches understand problems encountered during early learning stages (Ghorbani, 2017). The
assumption is that complex or fast movements would produce more incredible early learning
difficulties (Ghorbani, 2017). Pitching is measured by its clear structure, including a windup,
stride, arm cocking, arm acceleration, arm deceleration, and follow-through (Ghorbani, 2017).
When compared, the participants performed the arm acceleration phase more like the expert
when compared with other phases, with the most challenging phase being the stride phase
(Ghorbani, 2017). The higher complexity of the stride phase, moving both the throwing arm and
striding leg, contributed to the more significant deviation from the expert's movement pattern
(Ghorbani, 2017). Finally, the added complexity and inclusion of more degrees of freedom
contributed to the deviation (Ghorbani, 2017). One of the most influential movement patterns
associated with throwing is the kinetic sequence (KS), which details the proximal to distal
transference of energy from a throw that begins from the foot and travels up and through the
trunk into the arm (Scarborough, 2021). The KS has been used to help train baseball pitchers to
use their energy efficiency when performing a pitch to ensure they achieve the most desirable
velocities while protecting their arms in the process of the throw (Scarborough, 2021). Averages
of peak shoulder force, peak shoulder external rotation torque, peak shoulder extension torque,
and peak elbow torque were taken (Scarborough, 2021). Paired t-tests tested for ball velocity,
stride length, shoulder external rotation, shoulder extension torque, and elbow valgus torque for
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the windup and stretch (Scarborough, 2021). Findings suggest no significant differences between
two different deliveries and that the primary influence on torques on the joints was from the KS
(Scarborough, 2021). This finding shows that proper training of the KS can lead to more proper
training for coordination in throwing mechanics for untrained individuals to perform more
proficient throws and reduce injury (Scarborough, 2021). Velocity, consistency, and durability
depend on kinematic and kinetic factors and the temporal association of segmental body motions
(Seroyer, 2010). Optimizing this parameter will allow for a more efficient and consistent transfer
of energy (Seroyer, 2010). Understanding the variables may prevent injury by reducing the
forces on the shoulder and elbow joints (Seroyer, 2010). The complex integration of the lower
extremities and core musculature in the chain reduces the kinetic contributions of the shoulder
joint (Seroyer, 2010). The pitching motion is not just an upper extremity action but an integrated
motion of the entire body that culminates as an explosive motion of the upper extremity
(Seroyer, 2010). Optimizing the chain can reduce the shoulder's kinetic contributions and the risk
of injury in the shoulder joint (Seroyer, 2010). Understanding the throwing motion's kinetic
chain and temporal parameters can improve performance, rehabilitation, and injury prevention
(Seroyer, 2010). Throwing distance has been used to determine throwing ability (Kasuyama,
2016). Analyses have determined the effect of anthropometric and demographic, physical fitness,
and developmental parameters on throwing distance (Kasuyama, 2016). Findings showed how
intrinsic factors play a role in the throwing ability of children. Improving the throwing sequence
and enhancing grip strength and aerobic capacity are essential for children's overall throwing
ability (Kasuyama, 2016).
Fitts law defines the speed-accuracy trade-off in human movement patterns (Fitts, 1954).
Fitts used three experiments to show the relationship between speed and accuracy (Fitts, 1954).
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The first experiment featured subjects tapping two rectangular metal plates with a stylus (Fitts,
1954). Control of the movement tolerance and amplitude depended on the width of the plates and
the distance between them (Fitts, 1954). With each category of width, the movement time
increased as amplitude increased (Fitts, 1954). The second experiment was to transfer washers
from one pin to another, with control of the movement tolerance and amplitude being similar to
the first—the results of the second experiment corresponded with the first experiment's results
(Fitts, 1954). The third task features pins transferred from one set of holes to another; the results
corresponded closely to the previous experiments (Fitts, 1954). Fitts concluded that the fixed
information handling capacity of the human motor systems reflects a fixed capacity of a central
mechanism for monitoring motor activity results while maintaining the necessary degree of the
organization concerning the magnitude and timing of successive movements (Fitts, 1954).
Fitts law has been tested to show movements in the sagittal plane (Kerr, 1977). The task
consisted of moving a forward stylus from a back contact plate to hit a target at specified
distances in front of the participant (Kerr, 1977). The participants moved the stylus as fast as
possible in an overhand throwing motion, without releasing, to hit the target (Kerr, 1977). Four
levels of distance and each target width for the distance determined the index of difficulty (Kerr,
1977). The results supported the generality of Fitt's Law. They showed that in a fixed state, the
movement time of the task increased proportionally with the amplitude and width of the targets
(Kerr, 1977). A study has also been conducted to test the relationship of the movement times of
the hands moving simultaneously per Fitt’s law (Kelso, 1979). The first experiment had
participant place their fingers on the home keys of a Plexiglas apparatus that had targets at either
a short or long distance from the home keys (Kelso, 1979). One-handed experiments had the
participants move their index fingers of the home key to the corresponding direction of their
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target (Kelso, 1979). An example is moving the left index finger from the left key to hitting the
left target short or long distances (Kelso, 1979). The two-handed experiment hand both index
fingers, leaving both home keys to hit a short or long target depending on which side of the
target placement (Kelso, 1979). Experiment two was similar to experiment one, except the home
keys and targets were interchanged, with the targets in front and the keys adjusted (Kelso, 1979).
The last experiment was similar to the first two, with the difference being that the apparatus was
adjusted to allow forwarding movement in the sagittal plane instead of lateral movements (Kelso,
1979). There was consistency between all three experiments (Kelso, 1979). The first note was
that movement times for the "difficult" task were more significant than those for the "easy" task
(Kelso, 1979). Also, the easy-difficult difference carried over to two-handed movements when
the task was the same for each hand (Kelso, 1979). Most notable was that the large and
significant difference in movement time present in individual conditions was lost when the hands
were combined (Kelso, 1979). The main conclusion of this study is that when the motor system
faces controlling multiple degrees of freedom, it solves the problem by containing the limb
musculature to act as a single unit (Kelso, 1979). This solution would mean that variables
affecting one limb moving towards a target would have similar modulatory effects on the other
limb (Kelso, 1979).

